SUMMARY
This paper reviews early developments in the method of adiabatic demagnetization (magnetic cooling) for reaching temperatures below 1 K. Experimental research at Leiden started under Kamerlingh Onnes in 1882; he liquefied helium in 1908 and discovered superconductivity in 1911. Work at Oxford began in the 1920s, and increased substantially when immigration brought physicists from Europe in the 1930s. Experimental research on magnetic cooling was aided by theoretical papers from Harvard by Van Vleck in 1937 and by Hebb and Purcell in 1937 . They provided the corrections needed for crystal field and dipolar interactions, which affect the determination of the absolute temperature from the magnetic susceptibility.
MAGNETIC COOLING
In the The Netherlands, physics started under J.D. Van Instrument Makers, at which glass-blowing was also taught. Willie Lehmans, the glassblower in the 1930s at the Clarendon Laboratory, Oxford, had been trained there.
Kamerlingh Onnes became Professor of Experimental Physics at Leiden in 1882, and began the study of low-temperature physics. He succeeded in liquefying helium on 19 July 1908, and three years later he discovered superconductivity. In 1932 the physics laboratory was renamed after him. Cryogenic research continued under W.H. Keesom and W.J. de Haas.
In 1926 and 1927, Peter Debye 1 and W.F. Giauque independently suggested adiabatic demagnetization (magnetic cooling) of a paramagnetic salt as a method of obtaining temperatures below 1 K. At Leiden, de Haas and E.C. Wiersma 2 performed several early experiments; by demagnetization from a field of 1.4 T at 1.2 K, they reached 38 mK, using iron ammonium alum, manganese ammonium sulphate and chromium potassium alum.
Experiments on cerium trifluoride and the ethylsulphates of cerium and dysprosium were discussed by de Haas, Wiersma and Kramers. 3 In California, Giauque and McDougall 4 performed their first experiments on magnetic cooling, using gadolinium sulphate octahydrate. They reached 0.35 K, limited by the large maximum in the heat capacity. They acknowledged a previous paper on this compound by Kurti (figure 2), 5 which reported part of his doctoral research in Berlin. However, they attributed the anomaly in the heat capacity to interactions between the gadolinium ions rather than to crystal field splitting of the octet levels, which must also contribute. A notable prediction 6 was that nuclear spins could be used in magnetic cooling experiments.
CRYOGENICS IN OXFORD
Lindemann had been a research student with Nernst in Berlin, and when he was appointed Dr Lee's Professor of Experimental Philosophy at Oxford in 1919, he was keen to build up low-temperature physics in the Clarendon Laboratory. His first step was to buy a hydrogen liquefier, but its performance was very erratic. Simon had found this and he devised a more reliable model.
In 1930 Lindemann visited Breslau to purchase one of these, and two years later a small helium liquefier was brought to Oxford by Mendelssohn, who moved permanently to Oxford in April 1933. The first liquid helium had been produced on 13 January 1933, an achievement announced by F.A. Lindemann and T.C. Keeley in Nature on 11 February 1933. 7 The same issue (pp. 210-211) contained a description of the Royal Society Mond Laboratory in Cambridge, opened on 3 February that year. Lindemann was very pleased that Oxford had produced liquid helium just before Cambridge.
In 1933 Lindemann toured Germany in his Rolls Royce, and persuaded a number of physicists who were under threat from Hitler to come to Oxford. These included Kurti and Simon (figure 3), who started demagnetization experiments; using the same compounds as de Haas and Wiersma, they reached 38 mK from a field of 1.4 T at 1.2 K. In 1935 Simon devised the single expansion method for liquefying helium; the first model was built by two third-year undergraduates, A.H. Cooke and H. Pearson. 8 Liquid hydrogen was cooled to ca. 11 K by reducing the vapour pressure. Helium gas was compressed to 100-150 atmospheres in a strong metal 'bomb'; on releasing the pressure, adiabatic cooling was sufficient to produce a volume of liquid that practically filled the 'bomb'.
Below this was a calorimeter into which helium was condensed. It contained a compressed powder of a paramagnetic compound, shaped into an ellipsoid (the 'pill'). Made of potassium chrome alum, iron ammonium alum or manganese sulphate, it was suspended on thin threads, and its magnetic susceptibility was used as a measure of temperature. [9] [10] [11] [12] [13] This system became the basis for a wide range of cryogenic experiments in Oxford.
Below 1 K the thermal conductivity in paramagnetic compounds is very poor; to overcome this, ȍ-rays from a radon source outside the cryostat were used. 9, 12 The absorption is sufficiently small that, within a few percent, uniform heating is produced throughout the 'pill' at a rate independent of its temperature. By this method it was possible to determine the heat capacity as a function of a temperature T*, obtained from the magnetic susceptibility by extrapolating Curie's law.
The magnetic entropy was calculated, also as a function of T*, from the initial field applied before demagnetization.
In Oxford, G.L. Pickard started cryogenic research in 1934. He constructed a Simon cryostat with a sheet of instructions for its use, headed 'The Simple Simon Liquefier'. B. Bleaney inherited this, and his first calorimeter was connected to the pumping system through a thin german silver tube, 2 mm in diameter. The calorimeter contained a paramagnetic salt; measurements of its susceptibility indicated that by pumping the liquid helium, temperatures just below 1 K were being reached.
Initially, his colleagues pooh-poohed this, but then they realized that the narrow tube restricted the upward flow of superfluid liquid helium II. Cooke and R.A. Hull devised a disc with a small hole for a constriction; this limited the film flow but allowed a good pumping speed.
Bleaney's measurements of the susceptibility of manganese ammonium sulphate and potassium chrome alum showed that the 1937 Leiden vapour pressure scale for liquid helium was in error by some hundredths of a degree near 1 K. Simon had already realized that this scale was thermodynamically incorrect, and under his guidance it was recalculated. 14 A paper on magnetic cooling with the use of potassium chrome alum was also published. 15 Nuclear orientation and nuclear cooling experiments. Part 1 321 Two papers by Van Vleck 16 and Hebb and Purcell 17 refined the theory by taking into account the effect of crystal field interactions and magnetic dipole-dipole coupling between the ions. These give rise to deviations from Curie's law, which must be included when deducing the actual temperature from T*. Their analyses proved very useful in the interpretation of the experimental results.
Research at low temperatures in Oxford was interrupted in the autumn of 1939 by the move from the old Clarendon Laboratory, built in 1873, to a new laboratory (now known as the Lindemann Building). Because this also coincided with the start of World War II, cryogenic research became impossible until 1945.
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